[1] We have examined the statistical relationship between solar wind parameters and the polar cap potential (È PC ) using data from the Wind and ACE satellites and the northern polar cap index (PCN) as a proxy for È PC . We found that PCN tended to be saturated when the value of the merging electric field (E m ) was high (greater than 5 mV/m). Furthermore, it was found that the degree of saturation does not depend on the intensity of the interplanetary magnetic field but depends on the value of E m . These results are in quite reasonable agreement with the predictions of the model of Hill et al. [1976]. This fact suggests that the development of magnetospheric convection is not controlled by the efficiency of the dayside merging process itself but is controlled by the coupling among the solar wind, the magnetosphere, and the ionosphere.
Introduction
[2] Plasma convection driven by the solar wind-magnetosphere interaction is one of the key physical processes in the magnetosphere. The polar cap potential (È PC ) is one of the indices for the development of magnetospheric convection. Examination of the relationship between the solar wind parameters and È PC is important for understanding the physical process of magnetospheric convection.
[3] Theoretically, two possible ways in which the polar cap potential could be saturated by extreme solar wind conditions have been pointed out. One is the imbalance between the magnetic field intensities of the solar wind and of the magnetopause to decrease the efficiency of dayside merging [Sonnerup, 1974; Hill, 1975] . The other is the coupling between the magnetosphere and ionosphere to cause a decrease in the polar cap potential induced in the ionosphere [Hill et al., 1976; Fedder and Lyon, 1987; Weimer et al., 1990] .
[4] However, the saturation of the magnetospheric convection (È PC ) as seen in observational studies is still controversial. Using 33 examples of ion-drift-meter data from the AE satellite, Reiff et al. [1981] showed that È PC saturated at 120 kV. Wygant et al. [1983] obtained similar results from 55 examples of S3-3 electric field data. However, Boyle et al. [1997] used a very large database of DMSP drift-meter data to obtain an empirical formula for È PC . They found that there is no evidence of saturation of È PC . It seems that these different conclusions come from the difficulty in estimating È PC based on satellite data and also from very few chances to observe cases for solar wind having intese electric fields.
[5] The polar cap index (PC) is produced from the horizontal component of the magnetic field variations in the near-pole region [Troshichev et al., 1988] . The good correlation between PC and the merging electric field E m = V SW B T sin 2 (q/2) introduced by Kan and Lee [1979] is well known. In the equation derived by Kan and Lee [1979] , B T is the projection of the interplanetary magnetic field (IMF) onto the solar magnetosperic y-z plane, and q is a clock angle. To normalize the PC index with respect to E m , PC is produced after compensation for local time and for the seasonal dependence of magnetic field variations. This suggests that PC may be applicable as an index for the development of magnetospheric convection. Also, PC has a good correlation with È PC . This was pointed out by Troshichev et al. [1996] , who derived the following equation:
Thus, PC is suitable as a means of examining the relationship between E m and È PC .
[6] Recent continuous observations of the solar wind by Wind and ACE satellites indicate the existence of several periods of extreme solar wind conditions during the rising phase of the 23rd solar cycle. This situation has provided us with a way of solving the problem of È PC saturation. In this paper, we use the northern PC index (PCN) from Thule and the solar wind data as the basis for the discussion of È PC saturated by intense solar wind electric field. We start by looking at saturation of PCN and È PC found during the super-storm event of April 06 -07, 2000. Next, we show the results of our statistical study using data on the solar wind and PCN for the years 1995 to 1999.
Event Study: Super-Storm Event of April 06-07, 2000
[7] Figure 1 shows a super-storm event that occurred on April 06 -07, 2000. The top two panels respectively show IMF B Y and B Z observed by the ACE satellite in the GSM coordinate system. The red lines show variations of IMF estimated from magnetometer data onboard GOES 10 while it was in the magnetosheath after a magnetopause crossing. Since the IMF is increased after the passage of the bow shock, the amplitude of the magnetic field increases at the magnetopause. Crooker et al. [1982a] showed the following empirical relation:
where B SH is the intensity of the magnetosheath field and B ST is the magnetic field strength that balances the stagnation pressure of the solar wind. Using this empirical equation, we can estimate B T from the GOES data at the magnetopause crossing. B ST is estimated from the GOES magnetic field data just before the magnetopause crossing. The third panel shows the solar wind velocity. The fourth panel shows the merging electric field (E m ) estimated from the ACE data. The red line shows the PCN index. The Dst index is plotted in the bottom panel. For ease of comparison of the PCN, Dst, and GOES data with the ACE observation at the L1 point, the time line for the ACE data is shifted by 40 min.
[8] According to the ACE observations, an intense southward magnetic field and a sudden jump of the solar wind velocity from about 400 km/s to 600 km/s occurred at 16:00 UT on April 6, 2000.
GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 10, 1422 , 10.1029 /2001GL014202, 2002 This change in the solar wind parameter indicates the start of a geomagnetic storm. An intense southward magnetic field of 25 nT was continuously observed over 8 hours. When the southward magnetic field started to decrease at about 00:00 UT on April 7, the Dst index reached its minimum of À321 nT (provisional value). There is a good correspondence between the B Y component of magnetic field variations as observed by GOES 10 and ACE. The trend of B Z variations observed by GOES 10 corresponds to that observed by ACE. During the main phase of the storm, the value of PCN is about 6 mV/m while E m as estimated from ACE data reached 18 mV/m. PCN and E m correlate fairly well before and after the main phase of the storm.
[9] There are several ways of estimating the polar cap potential from observational data. Figure 2 shows the variations in È PC for the storm of April 06 -07, 2000. The black line shows È PC as estimated from the PCN index using equation (1). The black dashed line with filled circles shows the È PC as estimated from the DMSP/F13 ion driftmeter data. Since DMSP/F13 traverses a dawn-dusk orbit, the polar cap potential can be estimated from these data. The blue dashed line shows È PC calculated by using the empirical formula proposed by Boyle et al. [1997] based on ACE data. The red dotted line shows È PC calculated from the E m observations by ACE and with a geoeffective scale size (L G ) of 4.5 R E , which is a typical scale given by Burke et al. [1999] . The red line shows È PC as calculated from the same E m values for an assumed L G of 1.5 R E .
[10] In general, the values of È PC derived from PCN and from DMSP observations are in good agreement, although the values obtained from DMSP tend to be higher than those estimated from PCN. The values of È PC obtained from the model of Boyle et al. [1997] are overestimated during the main phase of the storm. Outside the storm period, È PC estimated from the DMSP observation agrees fairly well with È PC derived from Boyle's model. The L G of 4.5 R E is appropriate for estimating È PC outside the main phase of the storm. During the storm's main phase, the L G of 1.5 R E produces a better correspondence to the È PC values estimated from the DMSP data and the PCN.
Statistical Study
[11] To confirm the results of our study of events during the storm of April 06 -07, 2000, we have statistically examined the relationship between E m and PCN. Figure 3 shows a comparison between E m and PCN from 1995 to 1999. For the period 1995 to 1997, data from the Wind satellite are used to provide the solar wind parameter. For 1998 to 1999, data from the ACE satellite are used to provide the solar wind parameter. During these periods, a total of 158,880 individual data points were available. Before the comparison was made, the solar wind transit times from the Wind and ACE satellites to the magnetosphere were modified [Lester et al., 1990] . It is clear that PCN tends to be saturated, when E m is greater than 5 mV/m. The PCN index sometimes shows values greater than 5 mV/m, but this does not always correspond to high values of E m .
[12] To discuss the reason for the saturation of polar cap potential, we examine the dependence of the PCN index on B T for a fixed magnitude range of E m . We binned the data on the PCN index for every 1 mV/m range of E m . In Figure 4 
Discussion
[13] The results of our event study clearly show that there is a saturation of the polar cap index during a period of interaction of intense electric fields of the solar wind with the Earth's magnetosphere. Although the observation of the solar wind at the L1 do point does not always provide a way of predicting solar wind conditions affecting the Earth [Crooker et al., 1982b; Richardson et al., 1998 ], the agreement between the observations by ACE and GOES 10 strongly suggests that the solar wind conditions observed at L1 provide infromation that precisely describes interaction of the solar wind with the Earth's magnetosphere during this event.
[14] According to Troshichev et al. [1996] , there is a linear relationship between PC and È PC . This suggests that the polar cap potential is also saturated when the solar wind has an intense electric field. Although there is a question of whether or not it is valid to estimate È PC from PCN during conditions of extreme solar wind, there is a good agreement between the variation in È PC as estimated from DMSP data and that estimated from PCN. This means that the linear relationship between PC and È PC can be used even in the condition of intense solar wind electric field.
[15] A statistical analysis based on a large data set also suggests that PCN tends to be saturated when the value of E m is greater than 5 mV/m. There is some possibility that the solar wind parameters actually contributing to the interaction with the magnetosphere are different from those observed by Wind or ACE, as we have already pointed out. If this is the case, the distribution of data points of PCN would be scattered without any trends. Our results show a clear trend of saturation of the PCN index. It is also important to note that the assumption of a linear relationship between E m and PCN is statistically appropriate under typical solar wind conditions. This is because the non-linear effect due to saturation of PCN clearly appears only in exceptional cases of solar wind condition (0.66% in the present data set). There are also events in which PCN is increased more strongly than E m . Events of this type are caused by an enhancement of the DP 1 current system as has been suggested by Clauer and Kamide [1985] and Nagatsuma et al. [2000] .
[16] The saturation of PCN (È PC ) depends on E m alone. This suggests that the saturation of PCN is not caused by the efficiency of the merging process but by coupling between the magnetosphere and the ionosphere. Equation (1) shows that a PCN of 5 mV/m corresponds to a polar cap potential of 106 kV. This is consistent with the predictions of Hill's model and the results of previous satellite observations.
[17] Theory suggests that the efficiency of the merging process controls polar cap potential in low potential cases [Hill et al., 1976] . In such cases, the efficiency of the merging process is expected to increase when the magnitude of B T is close to that of the magnetopause field. The magnitude of B T is less than that of the magnetopause field under a typical solar wind condition. It is thus expected that PCN tends to increase with increasing B T .
[18] However, the average value of PCN does not depend on the value of B T . This can be explained in the following way; When B T increases, the location of the magnetopause moves inward to maintain the total pressure balance. This displacement causes the increase in the magnitude of the magnetopause field. This effect also reduces the ratio of B T to the magnetopause field intensity. Therefore, the magnitude of B T does not control the efficiency of dayside merging, even in low potential cases.
Conclusion
[19] The polar cap potential tends to be saturated when the value of E m exceeds 5 mV/m. This saturation only depends on the intensity of E m and not on the intensity of the magnetic field. These results are in quite reasonable agreement with the prediction by the model of Hill et al. [1976] . This suggests that the development of magnetospheric convection is not controlled by the efficiency of the dayside merging process itself but is controlled by the coupling among the solar wind, the magnetosphere and the ionosphere. 
